Binocular rivalry is thought to arise from a low-level cortical site. Experiment 1 evaluates this claim with respect to local and global motion processing by using a multiple-aperture motion stimulus and measuring the predominance of global coherence while one of the component gratings is engaged in rivalry. Results show that rivalry suppression of the component grating precludes global coherence. Presmnably, suppression prevents the component motion signal from advancing to higher-level global motion areas, suggesting rivalry occurs between local and global motion processing. However, feedback from higher-level mechanisms might exert an influence on binocular rival~r and thus Experiment 2 measures how the predominance of a local target engaged in binocular rivalry with a competing local stimulus is affected when the target forms part of a globally coherent motion stimulus. The augmented level of target predominance during global motion relative to local motion indicates that higher-level motion mechanisms can feedback and influence the binocular rivalry process. Together, these data imply a looping hierarchy of motion processing stages, with rivalry suppression transpiring at an intermediate level and subject to feedback from b~gher-level motion areas.
INTRODUCTION
The human visual system seems unable to tolerate ambiguity. When faced with optical information specifying equally plausible but mutually exclusive visual objects or events, human vision favours one interpretation over the others. ~is makes sense, for vision is designed to guide behavior and a behaving organism cannot afford to be paralysed by indecision. However, there are occasions when human vision seems to be unstable. In such cases, rather than remaining with the selected interpretation, human vision switches between two (or more) plausible interpretations. Examples of this multi-stable behavior abound in the perception literature: the perspective reversals of the Necker cube, the figure/ ground reversals of the vase/face illusion, reversals in perceived motion direction with counterphase gratings, and alternating monocu]:ar dominance during binocular rivalry. Although fascinating in their own right, these phenomena also offer a potentially fruitful means for exploring relations between brain activity and seeing since we can assume that neural activity engendered while viewing ambiguous optical information must be fluctuating over time, coincident with the fluctuations in perception.
With a view to understanding the neural concomitants of visual perception, we (Blake, 1989) and others (e.g., Logothetis, Leopold, & Sheinberg, 1996) have been studying binocular rivalry. In binocular rivalry, dissimilar monocular stimuli undergo alternating periods of dominance and suppression such that during suppression phases, a normally visible, potentially interesting visual stimulus is erased from consciousness for seconds at a time. Phenomenologically speaking, suppression can be so compelling that the suppressed stimulus cannot be distinguished from the physical absence of that stimulus. How does the brain achieve this feat? What are the neural processes responsible for suppression, and where in the processing stream do those events transpire?
One approach for studying the neural concomitants of suppression involves psychophysical techniques. Here, two general strategies can be identified. One strategy seeks to determine the extent to which suppression interferes with other visual processes. From this we know that adaptation to translational motion is uninterrupted during suppression phases of rivalry (Lehmkuhle & Fox, 1975; O'Shea & Crassini, 1981) whereas this is not true for adaptation to two-dimensional motion (van der Zwan, Wenderoth, & Alais, 1993) and to rotational and spiral motion (Wiesenfelder & Blake, 1990; Blake, 1996) . This kind of strategy, termed "psychoanatomy" by Julesz (1971) , is a method of deducing the relative locations of various visual processes from perceptual observations and is used in Experiment 1 of this paper. A second 638 D. ALAIS and R. BLAKE strategy involves studying the stimulus conditions which influence predominance during rivalry, seeking to discover the extent to which refined visual attributes of a stimulus enhance its predominance. For example, if familiar objects enjoyed enhanced dominance in rivalry compared with unfamiliar objects (when matched in contrast and spatial frequency content), one could conclude that neural events promoting alternations in rivalry dominance can be modulated by signals arising from high-level visual areas responsible for "object" identification (Kovacs, Papathomas, Yang, & Feher, 1996; Yu & Blake, 1992) . Experiment 2 of this paper employs a variant of this strategy.
These psychophysical strategies, however, must be qualified by our knowledge of visual neuroanatomy and neurophysiology. In recent decades, it has become increasingly clear that the primate visual system is complexly interconnected and highly non-serial. By current estimates, visual processing proceeds through about 30 or so cortical areas arranged in a distributed hierarchy (Van Essen et al., 1991) . Moreover, visual areas are reciprocally interconnected, with a given area receiving strong feedback from other areas which it innervates. This non-serial hierarchy of visual areas demands that psychoanatomical deductions be made with caution. At the same time, the many feedforward and feedback loops raise the possibility that activity within visual areas thought to lie beyond the site of binocular rivalry suppression might still influence rivalry through feedback. This arrangement was implied by data in an earlier report (Wiesenfelder & Blake, 1990) , and the principal aim of the present paper is to explore this idea further. Towards that end, we have performed two experiments designed to examine the relation between binocular rivalry and global motion perception.
Both experiments reported here capitalize on the visual system's ability to group multiple local motions into globally coherent motion (Alais, van der Smagt, van den Berg, & van de Grind, 1997; Lorenceau & Shiffrar, 1992) . Figure 1 illustrates the stimulus conditions used in these experiments. Four circular apertures containing independent, drifting gratings are spaced equally around a fixation point to form the corners of a virtual square. When viewed alone, each grating moves clearly and unambiguously in the direction orthogonal to its contours. When viewed together, however, the local motions can group together to form a unique global motion (straight upward in this case). Global grouping is most pronounced when grating contrast and speed are low, and is accompanied by a phenomenal or "amodal" form completion (Kanizsa, 1979) by which the contours appear to be continuous on a single surface behind the occluder. During extended viewing periods, the global motion percept alternates with periods in which the local motion are seen to move independently. These local/ global alternations follow a time-course similar to that described for binocular rivalry and for other bi-stable phenomena. The following two experiments examine how this global motion phenomenon relates to binocular rivalry.
EXPERIMENT 1
This experiment examines how the global motion coherence of the multiple-aperture display is affected when one of the four local motion signals, although imaged on the retina, is suppressed from vision.* In pilot work, we inspected a three-aperture version of the global display (one grating was physically removed) and observed that global coherence was seen infrequently and only fleetingly. The critical dependence on the physical presence of all four local motion elements squares with the important role of symmetry in the global coherence of multiple-aperture reported elsewhere (Alais et al., 1997) . Given this dependence, the following question may be posed: how will the coherence of the four-aperture stimulus be affected by the phenomenal absence of one component, which we shall term the target grating, during suppression phases of binocular rivalry? Two possible outcomes are: (i) the phenomenal absence of the target grating could be equivalent to its physical absence and thereby destroy global coherence during suppression of the target grating. Alternatively, the neural representation of the target grating may remain available to global motion mechanisms during suppression and preserve global motion coherence despite the absence of the target grating from conscious awareness. To evaluate these alternatives, we measured the incidence of perceived coherence of the four-aperture display under rivalry conditions which produced intermittent suppression of the target grating. In addition, we measured coherence under several control conditions, for purposes of comparison.
Methods
Observers. Both authors and four naive observers served as subjects in this experiment. All six were experienced psychophysical observers with normal or corrected-to-normal acuity.
Apparatus and stimuli. Stimuli were generated by an Apple 7600 PowerPC computer and presented on a NEC/ XE 21" monitor (75Hz frame rate, 1024 x 768 resolution) with a linearized, gray-scale luminance output and were viewed from a distance of 100 cm in a dimly lit room. The mean luminance of the display was 23.67 cd/ m 2 and a mirror stereoscope was used to present the stimuli separately to the two eyes. The left eye viewed the four-aperture motion display illustrated in Fig. 1 (a) . Each circular aperture subtended 1.6 deg of visual angle, and presented within each aperture was a sine-wave grating of 3.1 cpd and 20% contrast drifting at 0.86 deg/sec. The vertical and horizontal separation between neighbouring apertures was 1.2 deg va. On trials involving rivalry, the right eye viewed one circular aperture whose position and *Note that the other three gratings fall outside the region of the display engaged in rivalry: they are visible continously, regardless of the dominance status of the fourth member of the display.
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size coincided with the upper right-hand member of the left eye's display, a component we term the "target grating." The single aperture viewed by the right eye contained an array of static random dots of 20% contrast, with the dots subtending 5.5 arcmin and having an equal probability of being dark or light; we term this the "rival stimulus". The area of the video monitor beyond the apertures was set to the average luminance of the gratings, 23.67 cd/m 2. To aid binocular fusion and to steady the observer's gaze, a small black circle was placed in the center of the four apertures viewed by the left eye and a larger white circle was placed in the corresponding location in the right-eye stimulus (see Fig.  1 ).
Procedure. Observers used two computer keys to track the fluctuations between globally coherent motion and local motion during 60-sec observation periods. Four viewing conditions were tested: (i) all four local motion elements were presented to the left eye in the configuration shown in Fig, l (a), with the right eye viewing an average luminance field which was blank except for a fixation point (non-rivalry condition); (ii) a threeaperture global stimulus (the target grating was absent) was presented, with the right eye again viewing a blank field except for the fixation point; (iii) all four local motion elements were presented to the left eye, and the rival stimulus was presented to the right eye at a retinal location corresponding to target grating presented to the other eye [the rivalry condition, as shown in Fig. l(a) ]; and (iv) three of the four local motion components were continuously visible but the fourth (the target grating) was intermittently presented in a sequence mimicking the fluctuations of dominance and suppression (rivalrymimic). This last condition was created by alternately removing the target grating (so that the random dots in the right eye were visible in its place) and removing the random dots (so that all four gratings in the left eye were visible). Using the dominance/suppression data from pilot work as a guide, the alternating target and rival stimuli were visible for various durations (in seconds) drawn randomly from the following list: 0.8, 1.6, 2.4, 3.2, and 4.0. Thus, the random-duration alternation of the stimuli produced a percept which approximated the intermittent dominance experienced in the four-aperture rivalry condition.
Eight trials comprised each condition. The duration data from each block of trials were averaged into a single value and from these averages a coherence index was computed [coherence index = global/(local + global)]. Each observer completed the four experimental conditions in a random order, and there was a 30 sec pause between each trial during which the screen was blank except for the fixation points. Prior to the experiment, each observer was instructed and shown the various stimuli. The observer then completed as many practice trials as necessary in order to become familiar with the experimental task.
Three observers also completed an adjunct task after the experiment was completed in which they viewed the rivalry and rivalry-mimic conditions, and were instructed to wait for the first phase of target grating suppression (or the second if the trial began with grating suppression). Their task was to indicate, as quickly as possible after the suppression began, whether the remaining three gratings appeared to move globally or locally. There were 25 trials in each condition.
Results and discussion. The data from Experiment 1 were very consistent among observers, all of whom showed the same trends, and the averaged data for the six observers are plotted in Fig. 2 . The important comparisons are between the four-aperture conditions with and without rivalry, and between the rivalry and simulated rivalry conditions. The difference between the first pair of means is significant (tl0 = 4.68; P < 0.005), showing that the incidence of coherent motion of the global stimulus was reduced when one component of the stimulus was intermittently suppressed. Results from the adjunct task for this condition show that when the target grating was suppressed, the proportion of trials for which global motion was reported was only 0.08 (average of three observers; SE = 0.02). The adjunct task for the rivalrymimic condition also yielded coherence for only a small proportion of trials (average of three observers = 0.03, SE = 0.03). These data tie the decrease in global motion coherence more directly to the absence (both phenomenal and physical) of the grating, and the small degree of residual coherence is consistent with the data reported for the three-aperture condition below.
The difference between the rivalry and rivalry-mimic conditions was not significant (t10=0.48; P> 0.05), suggesting that the phenomenal absence of the target grating has the same effect as physically removing it. This result implies that neural signals associated with the local motion componem fail to activate global motion mechanisms during suppression phases, so that from the perspective of global motion mechanisms, the phenomenal absence and the physical absence of a local motion component are equivalent. Finally, while the level of coherence in the three-aperture condition was significantly non-zero (t5 = 3.64; P < 0.05), it was nonetheless very low and confirms our observation in pilot work that the absence of one component seriously interferes with global motion perception. If the reduction in global motion coherence during binocular rivalry was caused by rivalry suppression preventing the target grating's motion signal from reaching higher-level motion mechanisms, we should be able to predict the inc:idence of global coherence under conditions of binocular rivalry. Results from Experiment 2 indicate that the target grating predominates over the static dots in binocular rivalry for 0.563 of the 60-sec observation periods employed in these experiments (see Fig. 3 ). Using this figure, we can estimate the expected value of global motion coherence for the four-aperture rivalry condition of thi;~ experiment as follows. In the present experiment, we found that the four-aperture condition, with no rivalry, produced coherent global condition motion for 0.498 of trial duration (see Fig. 2 ). Thus, if we assume that there is no effect of the target grating on global motion perception during suppression phases, the expected valae of global coherence during the four-aperture rivalry condition is 0.280 (i.e., 0.498 × 0.563), the proportion of time when the target grating is both visible and forming part of a globally coherent percept. The actual valtue for this rivalry condition is 0.258 and accords closely with the expected value.
EXPERIMENT 2 Experiment 2 investigates a complementary question to the one that motivated the previous experiment: can the predominance of a local motion target engaged in rivalry be enhanced when that target is a component of a globally coherent stimulus? That is, does global context influence local target visibility during rivalry? Observers were required to track rivalry between the target grating viewed by the left eye and the rival stimulus viewed by the right eye and two conditions were compared. In one, the target grating was presented alone and rivalled with the random dots [local rivalry, see Fig. l(b) ] and in the other condition, this arrangement was augmented by the presence of three additional gratings [ Fig. l(a) ] so that the target comprised part of a larger global motion display (global rivalry). Two additional conditions are included as controls. In one, the dichoptic global motion condition, the three context gratings are presented to the other eye but in the same (cyclopean) relation to the target grating [ Fig. 1 (d)] , and in the other, the three nontarget gratings (context gratings) are arranged identically so as to prevent their combination into a global motion with the fourth, target grating [ Fig. l(c) ]. This last condition is known as "non-global" motion because it effectively prevents global motion from arising by the integration of all four local motions.*
Methods
Observers. Both authors and five nai've observers (including the four from Experiment 1) served as observers in this experiment.
Apparatus and stimuli. The same motion target and rival stimulus were used in all four conditions, but in three of the four conditions additional grating patches were presented and configured in various global arrangements, as shown in Fig. 1 .
Procedure. Observers tracked the fluctuating dominance and suppression of the target grating while it rivalled the patch of random dots during a series of 60 sec presentations. They did so by holding down one key on the computer keyboard while the target was visible and another key while it was suppressed; a block of eight trials comprised each condition. The duration data from each block of trials were averaged into a single estimate and a dominance index for the target grating was computed [dominance index = dominance/(dominance + suppression)]. Each observer completed the four experimental conditions in a random order, and there was a 30 sec pause between each trial during which the screen was blank except for the fixation points. Prior to the experiment, each observer was given ample practice in tracking rivalry. After the experiment was complete, three subjects again completed an adjunct task for the *Global motion among the four apertures is prevented because the three context gratings become globally organized among themselves into a single (implied) occluded surface. This leaves the target grating as a lone element, creating a strong asymmetry in the stimulus. In pilot work our observations were that this configuration produced rare and only fleeting periods of global motion among the four apertures.
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D. ALAIS and R. BLAKE global condition. There were 25 trials in which they judged whether they saw local or global motion as soon as possible after the target grating emerged from suppression.
Results and discussion. The data from Experiment 2 were again consistent among observers and were pooled, and the averaged data for the seven observers are plotted in Fig. 3 . The key comparison is between the local and global conditions. The difference between these two conditions is significant (t12=3.92; P<0.005): the dominance of the target grating in binocular rivalry is augmented when it forms part of a global motion stimulus. Relative to the level of predominance in the local motion condition, the global motion condition enjoys an increase in target predominance of approx. 20%. Data from the adjunct task show that the proportion of trials for which the stimulus was perceived to be coherent is 0.72 (average of three observers, SE = 0.06), confirming that the stimulus tended to be coherent when all four of the apertures were visible. Comparisons involving the control conditions revealed that the local and non-global conditions did not differ significantly (t12= 0.67; P > 0.05) and neither did the global and dichotic global conditions (t12 = 0.30; P > 0.05). These latter comparisons indicate that it is the global arrangement of the four apertures in the target eye that promotes predominance of the local target, not simply the presence of three additional apertures in the target eye.
Turning to the implications of this pattern of results, the failure of the non-global motion configuration to enhance predominance is not so surprising. Other work from this laboratory (Fukuda & Blake, 1992; Blake, Yu, Lokey, & Norman, 1997) has found that the predominance of a rival target depends very little on other visual features scattered around that target, when those surrounding features bear no contextual relation to the rival target. In the present experiment, coherent motion was not perceived when three of the apertures contained motion in the same direction, reconfirming that asymmetry in multiple-aperture stimuli has a very potent effect in attenuating global motion coherence with multipleaperture stimuli (Alais et al., 1997) . In contrast, the configuration yielding coherent motion did effectively promote target dominance, a finding consistent with earlier work pointing to an effect of context on rivalry (Whittle, Bloor, & Pocock, 1968; Kovacs et al., 1996) . This increased predominance of the rival target was also observed when the three context gratings were presented to the other eye, i.e., the eye viewing the static, rival dots. That dichoptic presentation of the local motions is a potent method for promoting global motion coherence is entirely consistent with data presented elsewhere (Alais, van der Smagt, & van de Grind, 1996) and adds weight to the claim that the global motion perceived in multipleaperture conditions is mediated by high-level motion mechanisms, perhaps human analog of MT and/or MST, since cells in these areas are highly binocular.
Predominance is an overall measure of the percentage of total viewing time that a given target stimulus was visible. In principle, enhanced predominance of the target grating within the global context could arise because: (i) individual dominance durations for that grating were lengthened; and/or (ii) individual suppression durations for that grating were abbreviated. We have analyzed dominance and suppression durations for each observer for the stimulus configurations promoting global coherence and for the configurations yielding local motion only. For all seven observers, dominance durations for the target grating were longer, on average, when that grating was viewed within a global motion configuration. For six of seven observers, average suppression durations were shorter for the rival grating viewed within the global motion configuration. It appears, therefore, that enhanced predominance is accomplished by changes in both dominance and suppression times. It is noteworthy, however, that the enhanced predominance, while statistically significant, is rather modest compared with the effects obtained by varying some physical characteristic of the rival target itself. Altering the luminance (Levelt, 1965; Fox & Rasche, 1969) , the contrast (Blake, 1977) or the spatial frequency (Hollins, 1980 ) of a rival target can yield a 2-fold change in predominance, whereas the manipulation of context in the present experiment changed predominance durations by only approx. 20%.
GENERAL DISCUSSION
These two experiments present an intriguing pattern of results. On the one hand, rivalry suppression prevents a local motion target from contributing to the synthesis of global motion, implying that the neural events responsible for suppression precede the site of global motion analysis. On the other hand, the predominance of a local rival target is enhanced when it is part of a global motion configuration, implying that global motion influences the preceding rivalry process. How can these two results be reconciled? In fact, this pattern of results is entirely consistent with earlier work in this laboratory, the results from which point to a hierarchical arrangement of motion processing, with rivalry sandwiched between local and global stages of motion processing. A summary of those findings sets the stage for discussing the present results.
It is known that suppression has no effect on the buildup of the motion aftereffect produced by adaptation to translational motion (Lehmkuhle & Fox, 1975) . In addition, suppression does not prevent the detection of short-range apparent motion (Wiesenfelder & Blake, 1991) . At the same time, suppression does retard the build-up of the motion aftereffect produced by adaptation to more complex forms of motion including spiral motion (Wiesenfelder & Blake, 1990) and rotational motion (Blake, 1996) . Further, we now know, from Experiment 1, that suppression interferes with the perception of global motion. Thus, considered together, these various results imply that the analysis of motion information occurs within distributed neural sites, a conclusion consistent with an abundance of other evidence (e.g., Morrone, Burr, & Vaina, 1995) , and that the neural events mediating suppression transpire at some point intermediate to these multiple stages of motion processing.
This ordering of processing stages, however, is not strictly serial. Wiesenfelder and Blake (1990) found that the perceived speed of a plaid influenced the predominance of that plaid during rivalry. Because plaid speed depends on integration of information about the two local motion components, theh" results implied that the neural events responsible for thi,; integration provide input to the rivalry process. This enhancing effect was attributed to feedback connections from global motion mechanisms onto the mechanism responsible for rivalry, a mechanism whose outputs are blocked from reaching global motion mechanisms during suppression. The increase in average dominance duration for the rival grating within the global motion context and the higher dominance index in the global condition relative to the local condition which we report in Experiment 2 is consistent with this account. We are unable, however, readily to account for the small but significant drop in average suppression duration of the rival grating within the global context.
At this point we should clarify what is meant by the terms "levels" or "sites" of processing. We assume that at some stage in visual processing, information about global motion is explicitly represented in the neural activity within a population of nearons. By explicit representation we mean that neurons at that stage of processing possess receptive field properties that render those neurons responsive to some aspect of the visual scene not registered explicitly in the activity of neurons at other stages of processing. An example from another domain of vision may help. The pattern of cone absorptions across the trio of cone types provides an index of the wavelength composition of the light imaged on those cones. Implicit in those cone signals is information about the surface color of objects reflecting that light onto the retina. However, additional computations must be performed using that information in order to explicitly represent surface color (e.g., Wandell, 1995) . Neurons at some postreceptoral site are responsible for that computation, qualifying them as the "site" registering information about surface color. Of course the cones themselves are crucial components in ~Le sequence of events underlying registration of color appearance, but the cone signals themselves are not sufficiently specific to accomplish that on their own, and l~aus additional operations are necessary.
Likewise, motion processing is accomplished in stages, with the initial operations transpiring within primary visual cortex. Neurons in area V1, it is thought, behave like filters that register luminance discontinuities in space and time. Because of the local nature of these motion measurements, signals in these neurons cannot uniquely specify the event giving rise to their activity. For this reason, the outputs from these spatio-temporal filters are passed to "higher" stages where the ambiguities inherent in their signals are resolved by neurons with unique, more global receptive field properties. These higher level neurons, besides sending signals forward to other processing stages, also pass signals back to the "lower" level, possibly modulating activity of neurons at that level in a context-dependent manner.
Thus, the notions of "levels of processing" and "sites of processing" refer to functional stages where neurons explicitly represent some aspect of the visual scene. We believe these notions retain useful meanings in a looping hierarchy containing extensive connectivity which promotes feedforward and feedback. The only requirement is that interconnected areas do not operate in a closed loop, as the circularity of this arrangement would imply a concurrent bi-directional communication and obfuscate the distinction between levels or stages. However, this requirement will nearly always be met, since the rich interconnectivity among cortical areas ensures that two areas never operate in an isolated loop. Thus, while V 1 might receive direct feedback from MT, it will also receive feedback from MT via other areas such as V2. This preserves the directionality of the signal flow, even though MT receives input from V1 which has been modified by its own earlier output. In this sense, it is still meaningful to speak of one process preceding another within a looping hierarchy. Therefore, we believe it is reasonable to conclude that binocular rivalry does indeed occur "prior to" global motion detection and that global motion provides feedback to rivalry.
Two other points regarding rivalry and its possible neural concomitants are worth making. First, it may prove useful to distinguish between a process that registers the stimulus conditions instigating rivalry and a process that deals with these conditions by implementing suppression. The registration process, it would seem, would be intimately related to the mechanisms responsible for binocular matching. Indeed, one can construe rivalry as the default outcome when matching fails (Blake & Boothroyd, 1985) . To register the presence of discrepant monocular inputs would seem to require eyeof-origin information (Sloane, 1985; Blake, 1989) . Suppression of one of two incompatible monocular stimuli could then be accomplished at other neural sites (Fox, 1991) . We stress this distinction as a reminder to those who seek to discover the "neural correlates of rivalry" (e.g., that the correlates of suppression may not be the same as the correlates of registration.
The second point concerns the putative neural events underlying suppression. It seems natural to assume that suppression is accomplished by inhibition of activity within neurons that are otherwise responsive to the features of the suppressed stimulus. After all, those neurons are less active when the stimulus is physically removed, so they must be less active when it is phenomenally removed. But this reasoning may be incorrect. Suppression may be accomplished by means other than wholesale inhibition of neural activity. To offer one speculative alternative, rivalry could be construed as a failure of feature binding, in this case a failure to bind features between the two eyes. Those who believe that feature binding is promoted by temporal 644 D. ALAIS and R. BLAKE synchrony among subsets of neurons (e.g., Singer & Gray, 1995) may find it more plausible to attribute rivalry suppression to the desynchronization of activity among neurons responsive to features imaged to the left and right eyes. This desynchronization hypothesis, while presently undeveloped, may provide a useful alternative to the simple, perhaps nai've, view that suppression involves turning down neural activity. It is a hypothesis we wish to explore in future work.
In any event, the present results, in concert with earlier work, strongly suggest that the neural concomitants of motion rivalry, whether reductions in activity or desynchronizsation of activity, are to be found at a stage intermediate between local and global motion processing.
